Introduction
According to the Congenital Diaphragmatic Hernia (CDH) Study Group, 51% of CDH patients have a diaphragmatic defect that cannot be closed primarily [1] . In such circumstances, diaphragmatic reconstruction using an acellular prosthesis, such as expanded polytetrafluoroethylene, is considered the standard of care. Unfortunately, acellular prostheses are known to be unreliable in the mid to long term in CDH survivors. Multiple large series have shown that up to approximately 40% of all prosthetic repairs eventually detach from the native diaphragm within the first few years of life [2] [3] [4] [5] . Prosthetic patch repair has also been associated with other serious morbidities, including infection, chest wall and spinal column deformities, small bowel obstruction and restrictive lung disease [4] .
We have previously shown, experimentally, that diaphragmatic reconstruction with autologous engineered tissue is a viable and potentially improved alternative for diaphragmatic replacement in the neonatal period [6] [7] [8] .
We have also determined that the amniotic fluid is the preferred cell source for the engineering of a diaphragmatic patch [8] [9] [10] . Translated clinically, from a routine diagnostic amniocentesis, an autologous diaphragmatic tendon would be built from the mesenchymal cells normally found in the amniotic fluid, in parallel to gestation, so that it could be readily available for surgical reconstruction at birth.
Given the need for the engineering of fetal tissue during pregnancy, clinical application of this concept would benefit from the prenatal identification of infants with a high likelihood of requiring a prosthetic repair, which had yet to be reported in the literature [11] . Therefore, the purpose of this study was to determine whether prenatal markers for prosthetic diaphragmatic repair could be defined among common clinical, anatomical and imaging maternal-fetal variables.
Materials and Methods
Institutional Review Board approval (protocol M02-10-240) was obtained for a retrospective review of all prenatally diagnosed CDH patients referred to the Children's Hospital Boston. From October 2000 to August 2005, 90 consecutive patients were evaluated at our Advanced Fetal Care Center. The maternal-fetal variables studied included fetal gender, gestational age at diagnosis of CDH, side of the hernia and detailed ultrasonography with colorflow Doppler (ATL 5000, Philips, Bothell, Wash. or Sequoia, Siemens, Mountain View, Calif., USA). In most patients evaluated during the second trimester, the lung-to-head ratio (LHR) was also prospectively calculated using methods as previously described [12] . In the majority of cases, further characterization of the diaphragmatic hernia was performed with magnetic resonance (MR) imaging, using a 1.5-T system (TwinSpeed; GE, Waukesha, Wisc., USA) equipped with various coils as appropriate for maternal body habitus. Multiple single-shot, fast-spin echo T 2 -weighted and fast technique T 1 -weighted images were obtained in the sagittal, axial and coronal planes. For all left-sided hernias, the degree of intrathoracic liver (i.e. none, mild or moderate/severe; fig. 1 ) was prospectively assessed by MR. Mild liver herniation was defined as less than the entire left lobe present within the thoracic cavity. Moderate/severe liver herniation was defined as the entire left lobe or more present therein. The presence of associated cardiac anomalies was assessed by echocardiography in all fetuses. After the initial evaluation, expectant mothers received routine, nondirective counseling by our multidisciplinary team.
Neonates underwent elective hernia repair by 1 of 8 staff pediatric surgeons, with standard perioperative care based on minimal barotrauma, permissive hypercapnea and, if necessary, early use of extracorporeal membrane oxygenation (ECMO), as previously described [13, 14] . Primary closure was the preferred method of repair of the hernia. However, when the defect could not be closed primarily without undue tension, an expanded polytetrafluoroethylene patch was employed. Defect size was not routinely measured by the different operating surgeons.
Statistical correlations between prenatal variables and patch utilization were calculated by Fisher's exact and Mann-Whitney U-tests, as appropriate for categorical and continuous variables, respectively, using commercially available software (Instat, San Diego, Calif., USA). p values of less than 0.05 were considered significant.
Results
Of the 90 CDH fetuses referred during the 5-year period, complete follow-up data was available on 59 (65.6%) liveborn patients, all of whom had been delivered locally and subsequently transferred to our institution for surgical repair and further management. Five (8.4%) of these neonates had known chromosomal abnormalities and/or were born before 31 weeks' gestation, resulting in death prior to diaphragmatic repair. The recorded prenatal characteristics for the remaining 54 patients, all of which underwent diaphragmatic repair at our hospital, are summarized in table 1 . The mean gestational age at delivery was 37.8 weeks (range 32.0-43.0 weeks). Five patients had ventricular septal defects diagnosed prenatally. There were no karyotype abnormalities detected in this group, except for 1 patient who had mosaicism for isochromo- some 12p, consistent with Pallister-Killian syndrome. One fetus underwent tracheal occlusion at 26 weeks' gestation and was delivered prematurely, at 32 weeks.
The mean age at diaphragmatic repair was 2.4 days after birth (range 0-14 days). All prenatally identified cases of liver herniation were confirmed intraoperatively; there were no false-negatives in this series. An expanded polytetrafluoroethylene patch was employed in 26 (48.1%) of the 54 neonates. Eighteen (33.3%) repairs were performed on ECMO. Survival rates after primary and patch diaphragmatic repair were 100 and 69.2%, respectively.
The position of the fetal liver was a significant predictor of the need for prosthetic repair. The presence or absence of liver herniation was correlated with prosthetic repair rates of 83.3 and 23.1%, respectively ( fig. 2 a; p ! 0.01). The specificity and sensitivity of liver herniation as a prenatal marker for prosthetic repair were 76.9 and 71.4%, respectively. The relative risk of prosthetic patch repair in the presence of liver herniation was 3.1 (95% CI 1.5-6.5). In like manner, if only left-sided hernias were considered, the presence or absence of an intrathoracic portion of the liver was correlated with prosthetic repair rates of 65.0 and 25.0%, respectively ( fig. 2 b; p ! 0.05). Among left-sided hernias, the relative risk of prosthetic patch repair in the presence of liver herniation was 2.6 (95% CI 1.2-5.6). The specificity and sensitivity of liver herniation as a prenatal marker for prosthetic repair of left hernias were 75 and 71%, respectively. The analysis of left-sided defects by the degree of liver herniation showed that 46.2 of mild and 100% of moderate/severe cases required a prosthetic patch ( table 2 ; p ! 0.05 between the groups). The identification of an intact diaphragm on sagittal imaging did not exclude the presence of a large hernia defect.
The antenatal detection of a structural cardiac anomaly was the only other prenatal variable studied that was associated with the prosthetic patch repair rate ( table 3 ; p = 0.02). Neither the side of the hernia nor the LHR were found to be predictive of prosthetic repair (p = 0.29 and 0.10, respectively). Although the mean gestational age at diagnosis was lower before prosthetic patch repair compared with primary repair (21.9 8 5.3 and 25.2 8 7.4 weeks, respectively), this difference did not reach statistical significance (p = 0.14).
Discussion
The survival rates of infants with severe CDH have increased dramatically, particularly over the past two decades [1, 15] . As a result, recurrent diaphragmatic hernia, a previously underappreciated morbidity, is now being recognized with increasing frequency in long-term survivors [2] [3] [4] [5] . In a recently published series, 41% of children who underwent prosthetic diaphragmatic patch repair later required one or more operations for repair of a re-herniation [3] . Even higher recurrence rates have been associated with repair of the defect on ECMO [3, 16] . Despite these unacceptably high recurrence rates, acellular prostheses continue to be implanted widely, because of their simplicity, short-term efficacy and minimal physiologic demands on critically ill neonates when compared with the alternative of using an autologous muscle flap fashioned from the abdominal wall. The ideal diaphragmatic substitute should require minimal dissection, result in minimal to no herniation/ eventration, and allow for normal growth of the chest wall [17] . To date, an engineered diaphragmatic construct composed of autologous living cells remains the only biomaterial that could potentially meet these requirements, as well as remodel and grow itself. Since our initial description of engineered diaphragmatic repair in sheep [6] , subsequent studies from our group utilizing different cell sources and various biodegradable scaffolds have demonstrated superior mechanical and functional outcomes with mesenchymal amniocyte-based engineered constructs when compared with equivalent muscle-based and acellular grafts [7, 8] . The amniotic fluid is also an ideal cell source in this setting because the mesenchymal cells required for engineering a diaphragmatic construct are readily abundant therein, easy to isolate from a routine diagnostic amniocentesis, thereby posing no added morbidity risk to the maternal-fetal unit, and proliferate quickly ex vivo in parallel with the remainder of gestation [9] . In the United States and many developed countries, an amniocentesis is routinely indicated whenever a CDH is diagnosed by fetal imaging, regardless of whether there is liver herniation or not. However, given the logistical implications of a clinical trial of engineered diaphragmatic repair, translation of this novel therapeutic concept would benefit from identifying fetuses that would be more likely to require a patch, given that approximately half of the infants with CDH can have their defects closed primarily.
Although experimental work in the nitrofen rat model has suggested a relationship between intrathoracic liver volume and size of the hernia defect [18] , prior to the current study no one had reported/described any prenatal predictor of prosthetic repair in CDH. In this study of 54 fetal CDH patients followed postnatally, liver position assessed on prenatal imaging was found to correlate with the need for a diaphragmatic prosthesis. Patch repairs were about 3 times more likely if there was any degree of fetal liver herniation into the thoracic cavity. The diagnosis of liver herniation on fetal imaging had an overall positive and negative predictive value of 71.4 and 76.9%, respectively. Furthermore, the degree of liver herniation, as assessed prospectively by MR, was found to be predictive of prosthetic patch repair. Whereas less than one half of the patients with mild herniation underwent patch repair, all cases of moderate/severe liver herniation required a patch. The difference between these two liver herniation subgroups was statistically significant.
Two additional variables previously considered by some to be of prognostic value in predicting the severity of lung hypoplasia in CDH, namely the gestational age at diagnosis and the LHR [12, 19, 20] , were not found to be predictive of patch repair in our series. Although many now refute the prognostic value of the gestational age at diagnosis and the LHR, a lack of correlation between prognostic markers and markers for prosthetic repair should not come as a surprise, in that it has long been accepted that there is no relationship between the size of the diaphragmatic opening and the volume of the herniation. The present data have limitations. The overall positive and negative predictive values of fetal liver herniation of 71.4 and 76.9%, respectively, mean that a sizeable fraction of fetuses without liver herniation will still require prosthetic repair, and vice versa. One must also be careful in interpreting fetal liver herniation per se as a reliable marker of actual defect size, since liver herniation has been associated with an increased severity of lung hypoplasia [21] . Thus one could speculate that a possibly more frequent use of perioperative ECMO in patients with liver herniation could also contribute to the higher frequency of patch repairs in these infants, given the risks for bleeding complications associated with aggressive dissection of the diaphragmatic rim in the setting of continued anticoagulation. Likewise, the fact that ECMO was used in all 5 of our CDH neonates with associated cardiac anomalies may have contributed to the use of patches in these patients. In addition, in many cases, the decision to use prosthesis depends, to a certain extent, on a somewhat subjective choice by the surgeon. The fact that 8 surgeons performed the repair in this series should have minimized the impact of this variable in our data, though. Prospective measurement of the actual size of the hernia defect intraoperatively should enable us to better elucidate this confounding issue in the future.
Despite the aforementioned caveats, this study suggests that fetal liver position can be a practical criterion for identifying fetuses/infants most likely to benefit from engineered diaphragmatic reconstruction in the treatment of CDH. Taken more broadly, these findings should also be of use in prenatal counseling, given the known association between prosthetic patch repairs and longterm morbidities other than hernia recurrence, including gastroesophageal reflux disease [22] .
